Abstract: Cherry leaf spot (CLS) disease caused by Blumeriella jaapii is a significant constraint in nursery production of flowering cherries in the southeastern United States. The objectives of this study were to evaluate six commercial cultivars for host resistance to CLS and identify effective fungicides that can be recommended to growers. Out of six cultivars 'Kwanzan', 'Okame', 'Autamnalis', 'Snowgoose', 'Yoshino', and 'Akebono' evaluated for host resistance, only 'Kwanzan' displayed moderate resistance with the least amount of disease symptoms in a shade-house environment, followed by 'Autamnalis'. 'Yoshino' was most susceptible to CLS in both the shade-house and field experiments. Out of seven fungicides evaluated individually and in rotations, captan in rotations with tebuconazole and trifloxystrobin and captan in rotations with chlorothalonil and acibenzolar-S-methyl were most effective in controlling CLS. A biopesticide (neem seed oil extract) and a biological control isolate (Stenotrophomonas spp.) were also effective in controlling CLS either alone or in rotation with conventional fungicides. This study identified effective fungicides, a biopesticide, and a biological agent that can be used along with resistant cultivars in CLS disease management.
Introduction
Ornamental cherry trees, also known as flowering cherries (Prunus species), are mainly grown for their springtime displays of beautiful and colorful flowers.
They are also valued for their autumn foliage color and ornamental bark (Pooler 2007) . Nursery production of flowering cherries is important in Tennessee, with estimated total sales of $32 637 000 (USDA-NASS 2009).
Thus, any disease that significantly reduces the aesthetic appearance of these ornamental trees affects plant sales and grower's income, with a ripple effect on the state economy.
Cherry leaf spot (CLS) disease is among the most important diseases affecting cherry trees, causing premature defoliation, reduced shoot growth, and increased susceptibility of trees to winter injury including split barks and plant death (Babadoost 1999; Diaz et al. 2007 ). Split barks resulting from winter injuries significantly diminish the tree aesthetic value, longevity, and marketability (Martin 1964) . CLS disease affects mainly cherry and plum species. It is an important disease of sweet cherry (P. avium), sour cherries (P. cerasus), and other Prunus species in cherry-growing regions worldwide Holbs 2013; Proffer et al. 2013) . The causal agent for CLS disease in fruit cherries is Blumeriella jaapii, previously known as Higginsia (Coccomyces) hiemalis (Babadoost 1999; Diaz et al. 2007 ). This pathogen has previously been reported as a constraint in nursery production of flowering cherry trees (Diaz et al. 2007 ). However, controlling this disease is difficult and there is an increasing concern over its impact in nursery production of flowering cherries in southeastern United States (Babadoost 1999) . Studies on CLS disease have focused on fruiting cherries. However, the majority of fruiting cherries are grown in the cooler northern and northwest regions of the US; thus, disease management for flowering cherries grown in warmer areas like the southeastern region is needed.
Previous studies on fruit cherry trees have shown that the CLS pathogen overwinters on leaf debris (Eisensmith and Jones 1981; Shaughnessy 1999; Ellis 2008; Holb 2009; Joshua and Mmbaga 2014) . Disease management using fungicide applications as well as spray programs that are weather-based have been developed (McManus et al. 2007; Proffer et al. 2013; Holb et al. 2014) . Proffer et al. (2013) reported that fungicide dodine had consistent efficacy against CLS in Michigan. In addition, sanitation treatments using lime sulphur and (or) urea, mulch cover, and leaf removal have been evaluated as alternative methods to CLS management in other regions (Holbs 2013; Holb et al. 2014) . However, such programs developed for cooler regions may not be applicable in warmer southeastern region where CLS is a problem on flowering cherry. Recent studies conducted in Tennessee showed that the CLS pathogen in flowering cherries overwinters on leaf debris as well as on dormant buds (Joshua and Mmbaga 2014) . Such observations are important in developing disease control strategies using fungicide spray programs that are based on local weather and timing of inoculum release for primary infection. In addition, it is important to identify fungicides that are effective and economically feasible for CLS management in flowering cherry.
Host resistance is the most recommended method for controlling CLS, and the sources of resistance are available in fruiting cherries (McManus et al. 2007; Gruber et al. 2012; Stegmeir et al. 2014 ). Use of non-chemical control methods such as the destruction of previously infested leaf debris has also been studied as a potential method for eliminating the source of inoculum in leaf debris (Holbs 2013; Holb et al. 2014) .
Disease management strategies recommended and used in fruit cherries at cooler regions of the Northeastern, Pacific Northwest United States, Canada, and Hungary (Holbs 2013; Holb et al. 2014) may not be readily adopted in the warm and humid southern United States where flowering cherries are grown. Thus, growers need demonstrations on effective fungicides that can be used for CLS management in flowering cherries in their specific climatic zones.
Materials and Methods
Evaluation of commercial cultivars for host resistance to cherry leaf spot One-year-old plants of six flowering cherry cultivars 'Yoshino', 'Kwanzan', 'Autumnalis', 'Okame', 'Akebono', and 'Snowgoose' were evaluated for host resistance in shade house environments. All plants represented cultivars commonly grown in Tennessee and the southeastern region. The shade-house was covered with a 60% shade cloth and planting was in 11.25 L (3 gal) pots using Morton's Nursery Mix, consisting of 1:1:1 sand:bark:loam (Morton's Horticultural Supplies Inc., McMinnville, TN). A replication of six individual plants per cultivar was used and plants were arranged in a randomized complete block design (Gomez and Gomez 1984) . All plants were fertilized in early May using water-soluble Miracle-Gro™, consisting of 18-24-16 (nitrogen, phosphorus, and potassium) at the rate of 18 g per 3.780 mL, followed by controlled-release fertilizer (Nutricote Total™ 18-6-8), applied at the rate of 12 g per container. All plants were irrigated twice a day using an overhead sprinkler system. Primary inoculum of CLS was from previously infected leaves collected from a nursery field in autumn and stored in a cold room at 4°C. In the following spring, infested leaves were moistened and placed in sealed plastic bags for 36-48 h to enhance sporulation. The presence of the CLS pathogen on the leaves was confirmed by spore identification using morphological features observed under a compound microscope (Williamson and Bernard 1988) ; the spore concentration was approximately 8 × 10 3 per mL. Pure cultures of B. jaapii were generated following a technique described by Higgins (1914) . The cultures were macerated in sterile water and sieved through sterile cheese cloth. A sample from the filtrate was observed for the presence of spores and mycelial pieces; the propagule concentration was adjusted to 8 × 10 3 per mL. Initial inoculation of test plants was done in late March/early April in the late afternoon to allow 10-12 h of leaf wetness. A second inoculation of test plants was done in early May using a propagule concentration of 8 × 10 3 per mL with 0.04% Tween Twenty; plants were sprayed to run-off using atomizers.
Four of the cultivars, 'Yoshino', 'Autumnalis', 'Okame', and 'Snowgoose', were also grown in field nursery environment in two blocks of 12 plants per cultivar using grower practices. These field-grown plants were naturally exposed to air-borne spores from leaf debris from previously infected trees in nearby flowering cherry fields. In addition, these plants had inoculum overwintered in the bud from previous infection (Joshua and Mmbaga 2014) . These plants were fertilized in spring using grower practices and monitored for disease development and disease severity.
Disease symptoms consisting of leaf spots, shot holes, and leaf yellowing were observed and disease severity was assessed based on a scale of 0-5 in which 0 = no infection, 1 = 1%-10%, 2 = 11%-25%, 3 = 26%-50%, 4 = 51%-75%, and 5 = 76%-100% of symptomatic leaf tissue per plant (Mmbaga et al. 2011) . Disease severity was evaluated monthly starting end of June through August in 2011, 2013, and 2014 . Disease severity scales were converted into actual disease severity percentage prior to ANOVA analysis of the data. In the case of very low disease severity, as was the case in the first year of this study in the 2010 shade house environment, randomly picked branches were evaluated by counting the actual number of leaf spots and shot-holes per leaf and number of nodes without leaves (defoliated) over the total number of nodes per branch (McManus et al. 2007 ). Plant defoliation was by percentage of plant defoliated in relation to the whole tree. Disease reactions were categorized as resistant (R), moderately resistant (MR), moderately susceptible (MS), and susceptible (S) based on overall mean disease severity and defoliation (Mmbaga et al. 2011) , in which R = 0%-6% symptomatic leaf tissue per plant and 0%-10% defoliation, MR = 6.1%-18.0% symptomatic leaf tissue and 11%-20% defoliation, MS = 18.1%-38.0% symptomatic leaf tissue and 21%-40% defoliation, and S = 38.1-100 symptomatic leaf tissue and 41%-100% defoliation.
Evaluation of fungicides for cherry leaf spot disease control
This study was conducted in a shade house environment and in a commercial nursery field environment. The shade house experiments used two cultivars, 'Okame' and 'Yoshino', in the first two years, and 'Yoshino' in the third year. Plants were grown in 11.25 L (3 gal) containers and maintained as described above. The selection of fungicides used in this study was based on positive reports from studies on fruit cherries Holb 2009; Holb et al. 2010; Lizotte 2011) . The active ingredients and rates of application of the fungicides used in this study are presented in Table 1 . In addition to the conventional fungicides, a commercially available bio-pesticide and two experimental bacterial isolates were also evaluated (Table 1) . Individual fungicides and rotations of two to three fungicides were evaluated using a replication of four individual plants per treatment in a randomized complete block experimental design. Spray treatments of fungicides, biocontrol agents and (or) bio-pesticides commenced at bud break and continued through September at 10-14 d intervals following grower practices; plants were sprayed to runoff.
In the first year of this study, plant infection with CLS was established using previously infected leaves collected from the field nursery, followed by spray Bacterial isolates that had shown potential as biological control agents for powdery mildew. inoculation using spore suspension (8 × 10 3 spores mL
) from pure cultures as described above. In the second and third year of this study, artificial inoculation of test plants was not done through subsequent years and relied on inoculum overwintered on dormant buds (Joshua and Mmbaga 2014) . Disease development was monitored and disease severity was assessed using leaf spots, shot holes, leaf yellowing, and plant defoliation as described above.
In addition to the shade house experiments, four cultivars, 'Snowgoose', 'Okami', 'Yoshino', and 'Autamnalis', were grown in a commercial nursery field and sprayed with fungicide rotation of captan, trifloxystrobin, and myclobutanil using label recommended rates (Holb et al. 2010 ). Treated and non-treated control plants were in a split block design with 12 plants per treatment for each cultivar; the treated and non-treated block was separated by a road that helped to prevent fungicide drift. The spray program was initiated during petal fall with a spray interval of 10-14 d as recommended by manufacturers, starting early April through August with a total of 9 sprays per season. The primary source of infection was from previously infested leaf debris in the field and air-borne spores that were abundant in the field (Joshua and Mmbaga 2014) . Disease development was monitored and severity of infection was assessed using a 0-5 scale as described above.
Data analysis
All statistical analysis was performed using the SAS/ STAT 2009. Disease severity scales were converted into actual disease severity percentage prior to the analysis of data. This was done because a scale of 1-5 is not a continuous variable and does not meet the assumptions of ANOVA. The general linear models procedure was used to compare means from all replicates. Multiple comparisons between pairs of means were done using a series of t tests according to SAS procedures in PROC. ANOVA (SAS Institute, Cary, NC). The least significant differences (LSD) were calculated according to Fisher's protected LSD test at P ≤ 0.05 (SAS Institute 2011).
Results
Evaluation of commercial cultivars for host resistance to cherry leaf spot All six cultivars developed CLS symptoms of shot holes, leaf spots, and leaf yellowing; no cultivar was immune to the CLS disease. While minor leaf spots of unknown etiology were observed, overall CLS symptoms were expressed as leaf spots followed by shot holes, leaf yellowing, and premature defoliation. In the first year of this study in 2010, disease symptoms were first observed in June and the highest disease rating was in August. Disease severity was low, but cultivars 'Autamnalis' and 'Yoshino' had consistently higher number of leaf spots and shot holes than 'Okame', 'Snowgoose', 'Akebono', and 'Kwanzan' (data not shown). Plant defoliation was insignificant in all cultivars and was not assessed.
In 2011, 2013, and 2014 disease severity was much higher and CLS symptoms were widespread. Disease severity and percentage plant defoliation are presented in Table 2 . Plants grown in the shade house environment showed significant differences between cultivars at P < 0.05. In 2011, 'Yoshino', 'Okame', and 'Snowgoose' had the highest disease severity, while 'Kwanzan' and 'Akebono' had the fewest amount of disease symptoms followed by 'Autamnalis' (Table 2) . In 2013, 'Yoshino' and 'Akebono' had the highest disease severity, and in 2014 'Yoshino', 'Akebono', and 'Snowgoose' had the Percentage of plant defoliated. c Disease reactions were categorized as resistant (R), moderately resistant (MR) moderately susceptible (MS), and susceptible (S) based on overall mean disease severity and defoliation, in which R = 0%-6% symptomatic leaf tissue per plant and 0%-10% defoliation, MR = 6.1%-18.0% symptomatic leaf tissue and 11%-20% defoliation; MS = 18.1%-38.0% symptomatic leaf tissue and 21%-40% defoliation, and S = 38.1-100 symptomatic leaf tissue and 41%-100% defoliation (Mmbaga et al. 2011 ).
highest disease severity (Table 2 ). Overall, 'Yoshino' exhibited the highest susceptibility to CLS throughout the 3 year study in a shade house environment, and was categorized as most susceptible (S) to CLS. 'Kwanzan' exhibited the lowest disease severity and was categorized as moderately resistant (MR); the other four cultivars were categorized as moderately susceptible (MS) either because of defoliation level or mean disease severity during one or more years (Table 2 ). All cultivars grown in the field environment developed very high disease severity and sustained premature defoliation of 70%-78%, exhibiting a susceptible reaction with no statistical differences between them (data not shown).
Evaluation of fungicides for controlling cherry leaf spot disease
In 2010 shade house experiments, first disease symptoms were observed in early June and overall disease severity was low throughout the season in both cultivars 'Yoshino' and 'Okame'; there were no significant differences between fungicide treated and non-treated plants (results not presented). In 2011, disease severity was higher than in 2010, and there were significant differences between fungicide sprayed and non-sprayed trees (Fig. 1) . Fungicide treated plants showed that spray treatments were effective in suppressing disease development and non-treated plants had the highest disease severity. Plants treated with individual fungicides captan, tebuconazole, and trifloxystrobin had less CLS disease than water treated plants in shade house experiments, but the most significant differences from individual fungicides were from chlorothalonil and acibenzolar-S-methyl (marketed as Daconil Action), as well as clarified hydrophobic extract of neem oil (Table 3) . Fungicide rotations were most effective in controlling CLS disease (Table 3 ). Both two-and three-fungicide rotations of captan and trifloxystrobin, or captan and tebuconazole; as well as captan, trifloxystrobin, and tebuconazole, were more effective in controlling CLS than individual fungicides. Rotations of trifloxystrobin and tebuconazole; captan and tebuconazole; copper sulphate, trifloxystrobin, and tebuconazole; captan and extract of neem oil; and captan, chlorothalonil, and acibenzolar-S-methyl were most effective in CLS disease control. Similar results were obtained in 2012 (Table 3) . Copper sulphate caused phytotoxicity that sometimes interfered with disease reading. Chlorothalonil and acibenzolar-S-methyl was also effective when used alone or in fungicide rotation with captan or neem oil extract (Table 3 ). The clarified hydrophobic extract of neem oil significantly reduced CLS disease severity when used alone or in fungicide rotations with chlorothalonil and acibenzolar-S-methyl. Out of the two biological control isolates, Stenotrophomonas sp. isolate B17a was effective in reducing disease severity when compared with the control, but disease levels did not differ between 2011 and 2012 for the same treatment (Table 3 ). The reductions in defoliation relative to the control by isolate B17a was significant (P < 0.05).
Disease symptoms in field-grown plants started in early May and disease severity increased rapidly through May and June; by early July severe defoliation was evident. All plants that were not treated with fungicide sustained severe defoliations (70%-99%), while fungicide treated plants had only 10%-30% defoliation and very low CLS disease symptoms (Figs. 1-3 ).
Discussion
Although plants were inoculated in a shade house environment, disease severity was low in 2010. It is reasonable to assume that primary inoculum may have been low, ideally not favoring CLS infection establishment and development. While additional inocula were applied in late May using spore suspension from pure cultures, it is possible that a critical period of favorable temperature and moisture for optimum infection may have been missed (Higgins 1914; Garcia and Jones 1993) . Lack of previously infected cherry trees in the vicinity of the shade house may have been a contributing factor Note: Mean values with same lowercased letters are not significantly different at P = 0.05. a Treatments with fungicides used 14 d application intervals either individually or in rotations while biological control agents used 7 d application intervals as indicated; copper sulphate and lime mixture (Bordeaux mixture), Tebuconazole (Orius 20Q™), Trifloxystrobin (Flint™) and Captan™ (Captan), Clarified hydrophobic extract of neem oil (Triact 70™), chlorothalonil and Acibenzolar-S-methyl (Daconil Action™), bacterial biological control isolates B17a (Stenotrophomonas spp.), B17b (Serratia spp.), and water as the negative control. (a) (b) in that there was no natural air-borne inoculum. These assumptions of low inoculum level are supported by results from field environment, where a combination of high air-borne inoculum from previously infested leaf debris and overwintered inoculum from within the test plants resulted in increased disease severity (Joshua and Mmbaga 2014) . This assumption was further confirmed during the second and third year of this study, when previously infected plants were used in the shade house experiment, resulting in high disease severity. These observations confirmed that primary inoculum was likely the main reason why infection was low in the first year of shade house experiments in 2010. Leaf debris is the main source of primary inoculum and thus eliminating it can significantly reduce CLS incidences. Holbs (2013) observed significant reduction in CLS inoculum through leaf removal and mulching as sanitation treatments. Likewise in another study, Holb et al. (2014) demonstrated a reduction in the saprophytic development stages of B. jaapii when a combination of urea and lime was used. In addition, a study by Eisensmith et al. (1982) reported an increase in leaf susceptibility at high compared with low inoculum concentrations. Previous studies have shown that infection starts at leaf emergence (Joshua and Mmbaga 2014) and it is possible that artificial inoculation missed the optimal period for initial infection following bud break. Holb (2009) reported that failure of necrotic tissue to separate from healthy tissue to form shot holes might result in cherry leaf spot symptoms with low number of shot holes. In the first year of our study in the shade house environment, disease severity was very low and the methodology of McManus et al. (2007) in which the overall disease severity was measured by the actual numbers of shot holes and leaf spots (data not shown) was used. However, in 2011 However, in , 2013 However, in , and 2014 , disease pressure was higher and only 'Kwanzan' displayed moderate resistance while 'Autamnalis', 'Okame', 'Snowgoose', and 'Akebono' were rated moderately susceptible (Table 2) . Unfortunately, non-sprayed 'Kwanzan' was not available for evaluation in the nursery field environment where 'Yoshino', 'Okame', 'Snowgoose', and 'Autamnalis' developed high disease severity and were rated susceptible to CLS disease. Based on the shade house results, it is reasonable to conclude that 'Kwanzan' displayed the best response performance to CLS at the MR level, followed by 'Akebono', which was MS (Table 2) . Differences in disease severity among the six cultivars displayed variability in cultivar susceptibility to CLS; 'Kwanzan' and 'Akebono' were the least susceptible.
When host resistance is not available, fungicides are most commonly used to combat disease problems in nursery production of ornamental plants. Differences in CLS disease severity and premature plant defoliation were most evident in the field environment, where fungicide treated and non-treated plants displayed significant differences (Figs. 1-3) . However, fungicides are expensive and have other adverse environmental and human health hazards. Rotations of two or three fungicides provided better CLS control than individual products as shown by lower disease severity and defoliation. Spray programs with captan, tebuconazole, and trifloxystrobin; captan and tebuconazole; and captan and trifloxystrobin were the most effective in controlling CLS in the shade house environment (Table 3) . Rotations of chlorothalonil and captan, and captan and bio pesticide neem seed oil plant extract were effective in reducing disease severity and plant defoliation (Table 3) . It was not possible to replicate the shade house experiment in a field nursery, but rotations of captan, trifloxystrobin, and myclobutanil at a grower's field nursery was highly effective in reducing CLS disease severity and premature defoliation (Figs. 1-3) . The fungicide spray program in the field environment started at petal fall to protect the emerging young leaves; this was based on previous studies that showed that air-borne spores from previously infested leaf debris were available to initiate infection as new leaves emerged (Joshua and Mmbaga 2014) .
The effectiveness of the fungicides used in this study may be attributed to the different modes of action in the fungicides used in rotations. The two-three-fungicide rotation allowed combined modes of action, putting pressure on the pathogen while also preventing the pathogen from developing fungicide resistance. Fungicides tebuconazole, trifloxystrobin, and captan were more effective when used together in rotations than when used individually (Table 3) . Trifloxystrobin (strobilurin) provides a preventative mode of action interfering with fungal respiratory and energy production to inhibit initial infection and secondary spread of the disease. It also has the advantage of low use rate and weather resistance (Bayer Crop Science 2012). Other studies have supported DMI fungicides as being effective in the control of CLS , and the results from our study are in agreement. Myclobutanil, also a DMI fungicide, was used in the field nursery instead of tebuconazole because it was relatively cheaper in price. In our study, DMI fungicides tebuconazole and myclobutanil, strobilurin fungicide trifloxystrobin, and an older generation fungicide captan were more effective in controlling CLS when used in rotations than when used individually (Table 3) . Jones et al. (1993) reported that DMI fungicides were ineffective in leaf spot control when they were used in 14 d intervals, and our study somewhat supported that tebuconazole was more effective when administered in rotation with another fungicide than when used alone (Table 3) . Although chlorothalonil and acibenzolar-S-methyl was effective (Table 3) , it is currently labeled for turf grass; its unique advantages where it can mimic natural plant defense through induction of natural host resistance may likely influence label expansion to include ornamentals.
Copper has been long advocated for the control of CLS and Proffer et al. (2006) reported copper compounds as effective in CLS control on tart cherry when administered with spray timings and hydrated lime. Copper sulphate has been reported to cause phytotoxicity in sour cherry leaves, where it resulted on a slight drop in fruit size, but its ability to control CLS far surpassed the undesirable side effects (McManus et al. 2007 ). In our studies, copper sulphate (Table 1) caused significant phytotoxicity that would be unacceptable in aesthetic requirements of ornamental plants, especially when effective compounds that had no phytotoxicity problem have been identified. However, the use of copper based fungicides with sanitation treatments such as leaf removal has been reported to significantly improve management of CLS disease (Holbs 2013; Holb et al. 2014) .
Efficacy of fungicides is highly dependent on correct timing of the spray programs. In our previous studies, spores were trapped in the field at the end of March 2010 and 2011, indicating the availability of primary inoculum when young leaves unfold during bud break (Joshua and Mmbaga 2014) . Young leaves were found to be highly susceptible to CLS as long as stomata were mature for the pathogen's penetration into the plant (Keitt 1918) . It was reasonable to assume that ineffective spray programs that resulted in high CLS disease incidence and poor quality of infected trees (D. Greene, personal communication, ProGrow Nursery, McMinnville, TN) may have been caused by poor timing of spray programs and (or) ineffective fungicides being used. This study has shown that several fungicides and fungicide rotations are effective in controlling CLS when the spray program commences at petal fall as leaves unfold during bud break. Such timing of fungicide application protects the foliage against CLS before the inoculum gets to the susceptible leaves.
